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Glyphosate-resistant waterhemp: Lessons learned 
from the devastation resistant Palmer amaranth has 
had on southern agriculture 
Jason K. Norsworthy, Associate Professor, Weed Science, University of Arkansas 
Abstract 
Palmer amaranth has become increasingly prevalent in crop fields in the southern U.S. over the 
past 8 to 10 years . Glyphosate resistance in Palmer amaranth was first confirmed in Georgia in 
2004 . Now, glyphosate-resistant Palmer amaranth is widespread in Georgia , Arkansas , Tennessee , 
North Carolina, South Carolina, Tennessee, and Mississippi. The resistant biotype is causing 
substantial yield loss, reduction in harvest efficiency, and complete abandonment of some fields. 
The focus of this presentation will be on glyphosate-resistant Palmer amaranth, a close relative of 
waterhemp, including: 
its level of resistance, 
differences in resistant biotypes, 
extent of resistance, 
likely factors that have contributed to evolution of resistance, 
pollen and seed dispersal as a means for gene flow (resistance movement), 
its impact on southern agriculture, and 
potential alternatives and recommendations for managing glyphosate-resistant Palmer ama-
ranth. 
Additionally, comparisons will be made between Palmer amaranth and waterhemp and the 
potential for widespread glyphosate resistance in waterhemp in Iowa similar to that which has 
occurred in Palmer amaranth in the South. 
Herbicide resistance 
Herbicide resistance is defined by the Weed Science Society of America (WSSA 1998) as "the 
inherited ability of a plant to survive and reproduce following exposure to a dose of herbicide 
normally lethal to the wild type. " In the late 1990s, repeated use of the acetolactate synthase 
(ALS)-inhibiting herbicides (Scepter, Pursuit, Classic, Envoke, etc.) led to widespread resistance 
in Palmer amaranth, most recently resulting in removal of Palmer amaranth from several 
herbicide labels. 
Use of glyphosate-resistant technology 
In 1996, glyphosate-resistant soybean became commercially available followed by cotton in 1997 
and corn in 1998. This technology was rapidly adopted in the southern U.S. partially because of 
its effectiveness on ALS-resistant Palmer amaranth and because of its ease of use. This technology 
was also adopted by Midwestern producers, but at a slower rate than in the South. Nationally in 
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2006, 43% of the corn, 92% of the soybean, and 85% of the cotton in the U.S. were glyphosate 
resistant. Glyphosate-resistant traits in cotton were adopted to an even greater extent in the Mid-
South and Southeastern U.S. In 2007, Arkansas, Louisiana, Mississippi, Missouri, Tennessee, 
Alabama, Florida, Georgia, South Carolina, North Carolina, and Virginia used glyphosate-
resistant technology on 97% or more of their cotton acreage. Cotton production in the U.S. is 
generally a monoculture system with crop rotation rarely practiced. Hence, glyphosate has been 
the main herbicide for weed control in cotton for the past 8 to 10 years. 
Soybean, rice, and cotton are the three largest acreage crops in Arkansas, with each grown on 
2.8, 1.3, and 0.9 million acres, respectively, in 2007. Of this acreage, 98% of the cotton, 99% of 
the soybean, and 75% of the corn were glyphosate resistant in 2008. Comparatively, corn and 
soybean are the two major crops in Iowa with each grown on 13.9 million and 9.2 million acres 
in 2007. Although it may be perceived that crop rotation in Arkansas is equal to or greater than 
in Iowa, that is not the case. In addition to cotton not being rotated, rice is often grown in a 2:1 
year rotation with soybean, leaving most of the remaining soybean acreage without a rotational 
crop. 
Collectively, there are approximately 6 million acres of agronomic crops in Arkansas compared 
with 23 million acres in Iowa. However, the evolution of glyphosate resistance has occurred 
at a more rapid rate in Arkansas and other southern states. Currently, there are five weeds in 
Arkansas that have evolved resistance to glyphosate, whereas only one in Iowa (waterhemp) is 
known to be resistant (Mike Owen, personal communication). 
Glyphosate-resistant Palmer amaranth 
Glyphosate-resistant Palmer amaranth was first confirmed in Macon County, GA, in 2004 
(Culpepper et al. 2006). The following year, glyphosate failed to control Palmer amaranth at 
sites in North Carolina, Tennessee, and Arkansas, with plants from these fields later confirmed 
resistant to glyphosate (Heap 2008). Glyphosate-resistant Palmer amaranth was found in South 
Carolina in 2006 and Mississippi in 2007. In each of these states, resistance rapidly went from 
being a perceived isolated occurrence to widespread infestations that were non-responsive to 
field rates of glyphosate. By 2008, resistance had been confirmed in more than 60 counties across 
six states, and most monitoring efforts have been discontinued because of widespread resistance. 
In Arkansas, two distinct glyphosate-resistant Palmer amaranth biotypes exist. Biotype I has 
a high level for resistance, resistant plants occur at high densities, and these plants rapidly 
colonize a field in a couple of years. Often, the infested areas cannot be harvested; hence, these 
fields are often mowed, tilled, or completely abandoned. Resistant plants in these fields are not 
controlled with glyphosate in excess of nine times the normal use rate. Biotype II is more typical 
in Arkansas than Biotype I and has a low level of resistance and possibly a different resistance 
mechanism. Buildup of resistant plants in a field is generally slower and more spatially dispersed 
than Biotype I plants and resistance is not noticeable until after 3 or 4 years. Multiple glyphosate 
applications at the normal use rate will not control the resistant plants; however, these plants are 
somewhat responsive to glyphosate in that the upper portion of the plant is often killed, leading 
to regrowth from lower axillary buds. 
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Management changes 
To date, it is estimated that weed management practices have changed on 2 million acres 
as a result of glyphosate-resistant Palmer amaranth (personal communication with weed 
specialists throughout the South). Weed management programs that have been built solely 
around glyphosate are having to be restructured, meaning increases in operational costs. 
Glyphosate-resistant Palmer amaranth has definitely increased the complexity and costs of 
weed management. In addition, harvest efficiency, reduced yields, and in the most severe 
cases, complete crop loss and field abandonment have resulted. The ease of weed management 
decision-making brought forth by glyphosate-resistant crops is no longer a stand-alone option for 
many producers. A question that producers are having to answer is whether the point has been reached 
when convenience has become less efficient and can no longer be substituted for accuracy, consistency, 
and effective control? This is a challenging question to answer considering that farm size continues 
to increase as farm labor continues to decline. 
It is well documented that the glyphosate-resistant technology reduced use of tillage. However, 
it is possible that conservation tillage will be compromised as part of the management 
solution. Finally, with glyphosate and the ALS-inhibiting herbicides now being ineffective on 
many Palmer amaranth populations, it is almost inevitable that resistance will evolve to other 
broadleaf herbicides, especially if steps are not quickly taken by weed scientists and producers 
to delay further resistance. Use of additional modes of action alone is not the answer. Recent 
modeling efforts with Palmer amaranth have shown that use of three modes of action in 
addition to glyphosate can lead to increases in resistance unless the weed is effectively controlled 
during the portion of the season when emergence is most probable. Furthermore, there are 
waterhemp populations in the Midwest that have evolved resistance to glyphosate, ALS- , and 
protoporphyrinogen oxidase-inhibiting herbicides (Reflex, Flexstar, Blazer, Valor, etc.) (Legleiter 
and Bradley 2008). Additionally, there are populations of Palmer amaranth and waterhemp that 
are resistant to photosystem II-inhibiting herbicides (AAtrex) (Heap 2008). 
As modes of action are quickly lost, what is left? For certain, discovery, development, and use of 
new chemistries are not short-term solutions. As a result of broad-scale adoption of glyphosate-
resistant crops and almost sole use of glyphosate in these crops, many chemical companies 
merged in the late 1990s and herbicide discovery within most companies was discontinued until 
recently. Hence, there are no new herbicides that will be available in the near future. At best, 
if a herbicide was discovered today, assuming that it is highly effective for control of various 
Amaranth us species (pigweeds), it would be at least 7 years before the herbicide would be 
commercially available. 
In the short term as resistance spreads, producers have no option but to integrate additional 
modes of action into their weed management programs. There is a tremendous effort underway 
to better understand when in the cropping season to use alternate herbicides to achieve 
effective control while preserving modes of action from further resistance. Other strategies 
that are being investigated include use of cover crops to aid early-season weed suppression, 
possible crop rotations, precision cultivation, seed burial through deep tillage, and use of other 
herbicide-resistant traits. In 2009, glufosinate-resistant soybean (Liberty Link) will be available 
to producers on a limited basis. This may seem to be an effective option for Palmer amaranth 
control; however, glufosinate applications must be more timely than current glyphosate 
applications. Additional herbicide-stacked trait technologies are being developed for various 
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crops, but it is not likely that any of these technologies will become commercially available in the 
next 4 to 5 years. 
Is resistance restricted to the south? 
Palmer amaranth and waterhemp have many similarities. Both are dioecious , producing either 
male or female plants , thus obligate outcrossers. Both exhibit a high amount of genetic diversity 
as a result of outcrossing, which has likely contributed to both weeds being highly prone to 
evolution of herbicide resistance. Susceptible biotypes of both weeds are highly sensitive to 
glyphosate; hence , there is tremendous selection pressure for resistant alleles. Both weeds are 
capable of producing in excess of 500 ,000 seeds/female plant, leading to a higher likelihood 
for resistance compared to species with lower fecundity. Palmer amaranth and waterhemp can 
exceed growth rates in excess of 2 inches in height/day making them two of the most competitive 
weeds of crops in the South and Midwest, respectively. Hence, they are able to proliferate in the 
presence of a less competitive crop. 
Palmer amaranth is not known to exist in Iowa. So, is glyphosate-resistant Palmer amaranth a 
threat to Iowa crops? Most certainly yes! Palmer amaranth and waterhemp coexist in fields in the 
central U.S. (Missouri, Illinois , Tennessee, etc. ). Both species readily hybridize with each other as 
well as with other pigweeds (Franssen et al. 200 l ; Wetzel et al. 1999). It is known that gene flow 
in glyphosate-resistant Palmer amaranth can occur at appreciable distances via pollen (Sosnoskie 
et al. 2007) , and based on the occurrence of glyphosate-resistant Palmer amaranth on well over l 
million acres throughout the South, it is likely that gene flow is occurring along with creation of 
genetically distinct populations. Additionally, recent evidence of seed movement leads to concern 
for establishment of new glyphosate-resistant Palmer amaranth populations in more northern 
environments. 
Final thoughts 
Obviously glyphosate-resistant Palmer amaranth has had a devastating impact on crops in 
the southern U.S. and waterhemp could have a similar impact on Midwestern crops based on 
similarities between the two species. It is likely that extensive glyphosate resistance in waterhemp 
is a few years behind that of glyphosate resistance in Palmer amaranth for several reasons. First, 
the growing season in the Midwest is shorter; thus , there are fewer glyphosate applications and 
less exposure of waterhemp to glyphosate. Secondly, a corn/soybean rotation is widely used in 
the Midwest whereas there is more monoculture production of crops in the South. Additionally, 
both soybean and corn are more competitive than southern crops such as cotton; hence, corn and 
soybean more effectively shade late-emerging weeds and reduce to a greater extent seed production 
of weed escapes. Finally, adoption of glyphosate-resistant technology occurred more rapidly in 
the South, which has contributed to glyphosate resistance evolving earlier in this region. Dr. Larry 
Steckel at the University of Tennessee recently commented, "Glyphosate-resistant Palmer amaranth 
is a bigger threat to Mid-south agriculture than soybean rust will ever be. " Millions of dollars have 
been spent by the USDA and commodity boards on soybean rust research. It is my belief, similar 
to that of Dr. Steckel regarding glyphosate-resistant Palmer amaranth, that glyphosate-resistant 
waterhemp will have far more impact on Iowas soybean crop than rust will. A train wreck is 
coming. The question is can we prevent the wreck from happening? 
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